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Abstract 
Aluminum oxide and zinc oxide coatings of automatic high precision thickness control in the range of 10-200nm 
have been grown onto p-type Czochralski silicon crystalline wafers and solar cells by electrodeposition from organic 
electrolyte solutions at room temperature with current densities of 0.5-4 mA/cm2 within 30-120 seconds. Silicon 
oxide films have been formed on the surface of silicon wafers by anodic oxidation in organic electrolyte solution. 
Passivation effects have been investigated by means of minority carrier lifetime measurements. Silicon wafers and 
solar cells with formed oxides layers were exposed to a post-deposition anneal in forming gas at 300-475oC. 
Crystallographic structure and surface morphology of newly developed electrochemically formed coatings have been 
examined by X-ray diffraction and scanning electron microscopy.    
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1. Introduction 
It is well known that passivation quality similar to that of SiNx produced by plasma enhanced chemical 
vapor deposition (PECVD) may be achieved if an Al2O3 layer of 20-200 nm in thickness having a built-in 
negative charge is deposited on the rear side of a p-type crystalline photovoltaic cell. Aluminum oxide 
layers can be deposited by Atomic Layer Deposition (ALD) technologies [1, 2], by radio frequency 
magnetron sputtering [3] and PECVD method [4]. ALD has been successfully applied to laboratory solar 
cells [1-3], achieving record PV cell efficiencies.  
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At the same time, development of alternative low cost technologies for aluminum oxide layer 
formation continues to be of interest. 
It is also known that efficient passivation of the crystalline silicon solar cell may be achieved by 
forming a silicon oxide (SiO2) passivation layer of about 10 nm to 20 nm formed by thermal methods at 
temperatures (~1050 °C) or through the use of wet oxidation processes with H2O at ~800 °C [5]. In this 
paper, we present our recent progress in developing novel low temperature and low energy consuming 
technology for mass production of dielectric layers based on electrochemical approach. Surface 
passivation of silicon crystalline wafers by electrochemical formation of Al2O3 and SiO2 layers has been 
investigated and will be discussed below. We also present first results on optical performance of zinc 
oxide (ZnO), a potential candidate for low cost antireflective coatings electroplated on the front side of p-
type crystalline silicon solar cells. 
2. Electrochemical formation of oxide systems  
2.1. Advantages of electrochemical methods of oxide formation  
Electrochemical methods of oxide system formation represent one of the most promising alternatives 
in terms of productivity, controllability, low energy consumption and cost reduction. According to Canon 
Kabushiki Kaisha (Canon) patent [6] it is possible to form functional metal oxide coatings. Comparative 
analysis of current deposition technologies for photovoltaic passivation and antireflective coatings 
presented in Table 1 demonstrates a strong potential and wide opportunities for electrochemical methods.  
However state-of-the-art methods for electrochemical formation of oxide systems (zinc oxide, indium 
oxide, aluminum oxide and doped metal oxides) for photovoltaic applications relate to emerging lab scale 
techniques tested on small size model samples (1cmx1cm) [6-9], or large flexible samples with isolated 
back side (Canon) [6, 10, 11].  
Table 1.Advantages of electrochemical formation of functional coatings for photovoltaics 
Deposition method, 
[reference] 
Processing 
temperature 
(0C) 
Deposition 
rate 
(nm/min) 
Material 
utilization 
efficiency 
Energy 
consumption, 
Wh/wafer 
Cost of 
equipment (in 
1000 USD) 
Relative 
cost of 
coating 
CVD (PECVD, 
APCVD) [4] 
300-800 40-100 30-50% 34 1,400 to 2,000 High 
Magnetron Sputtering 
[3] 
200-300 1-10 15-30% – 1,500 to 2,000 High 
ALD [1-3] 
 
 
Thermal SiO2 [5] 
100-350 
 
 
1000-1050 
0.1-5 
 
 
1 
High 
 
 
High 
– 
 
 
– 
High 
 
 
High 
High 
/expensive 
precursor 
 
High 
Electroplated 
Metal Oxide [6, 12] 
20-50 50-200 95% 0.05 to 0.07 (500x 
less than CVD) 
150 to 300 1/100 of 
sputtering 
Anodic Formation of  
SiO2 [12] 
20-80 2-10 95% 0.2 to 0.3 (150x 
less than CVD) 
300 to 500 1/100 of 
sputtering 
2.2. Features of proposed electrochemical method for passivation and antireflective coatings formation 
 
We have developed an original electrochemical method and equipment for metal oxide formation 
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which allows the deposition of a thin uniform coating of metal oxide such as A2lO3, ZnO, etc (from 10 
to 200 nm thick) on silicon wafers and PV cells. We also have developed an electrochemical technique 
for silicon anodization which forms a uniform anodic SiO2 coating on the Si substrate [12].  
2.3. Cathodic deposition of metal oxides 
Method of cathodic deposition (electroplating) of metal oxide systems relates to the so called 
“electrochemically assisted deposition” process [13]. The simplified overall reaction of oxide formation 
by cathodic electrodeposition can be summarized as: 
 
P(M)solution + P(O)solution + e-substrate → MO substrate + soluble products  (1) 
 
with P(M) and P(O) being dissolved precursor species for the metallic element M and oxygen O (e.g. 
O2) in a solution. In the cathodic reactions of electroplating A2lO3 and ZnO the redox precursor is the 
oxygen precursor (noted AO) such as O2 etc. 
 
AO solution + H+ + e- → A+ + OH-     (2) 
                        
In the presence of the metal species dissolved in solution (ions of Al or Zn) and due to the local 
increase of the pH value at the electrode surface, the metal ions precipitate directly onto the electrode 
surface as an oxide or a hydroxide and form a film which covers the electrode. 
 
Mn+ + n/2 OH- → MOn/2film + n/2 H+     (3) 
 
In our experiments we selected graphite materials of high purity as an anode with the developed 
surface which ensures a low anode polarization and prevents oxygen evolution reaction and oxidation of 
solvent on the anode. Specific reactions leading to deposition of Al2O3 and ZnO on the surface of Si-
wafers or Si solar cells are presented below: 
 
2Al3+ +3 OH- → Al2O3film + 3H+     (4) 
 
Zn2+ + OH-  → ZnOfilm + H+     (5) 
2.4. Anodic formation of SiO2 
Oxidation of silicon requires conversion of the silicon atoms from a valence 0 to a valence 4. In 
anodization the four valence electrons on a silicon atom are transferred in the overall reaction (6) and 
produce SiO2 on the surface of silicon [14]: 
 
Si + 2 H2O + nh+VB → SiO2 + 4 H+ + (4 – n) e-CB   (6) 
2.5. Preparation of prototype samples 
Cathodic electrodeposition of Al2O3 and ZnO was performed from an organic electrolyte solution of 
aluminum and zinc salts accordingly in a galvanostatic regime at room temperature. Silicon oxide films 
have been grown on the surface of Si-wafers by anodic oxidation in organic electrolyte solutions at 40-
80oC. The p-type CZ-Si wafers of semiconductor and solar grades and CZ-Si PV cells have been 
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processed by standard chemical cleaning procedure. High purity graphite material was used as a counter 
electrode during electrochemical processing. After electrochemical formation of oxide coatings samples 
were annealed in forming gas at 300 oC (ZnO), and 400-500oC (Al2O3 and SiO2).  
3. Characterization of electrochemically formed coatings 
X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM) were used to characterize the 
crystallographic structure of Si(100)-substrate-anchored with thin coatings of Al2O3, SiO2 and ZnO. X-ray 
diffraction measurements have been conducted at Simon Fraser University’s 4DLABS with Rigaku Rapid 
Access X-ray Diffractometer and at the University of British Columbia, Advanced Nanofabrication 
Facility (ANF) and Advanced Materials and Process Engineering Lab (AMPEL) with Phillips X'pert PRO 
x-ray Diffractormeter. SEM images were measured at Simon Fraser University’s 4DLABS with FEI 
Strata 235 DualBeam Scanning Electron Microscope. Fig. 1 shows X-ray diffraction (XRD) patterns of a 
p-type Si-wafer of semiconductor grade with aluminum oxide coating. Analysis of results has revealed 
formation of a transition aluminum oxide form κ-Al2O3 with typical peaks at 2θ1 = 32.903o (more intense) 
and 2θ2=32.092 (less intense). SEM images measured for the cross-section of Si-wafers with aluminum 
oxide layer show a continuous character and high level of of its uniformity (Fig. 1).   
 
 
 
 
 
 
 
 
Fig. 1. Characterization of Al2O3 coating electrodeposited on a p-type CZ Si-wafer of semiconductor grade: (a) X-ray diffractogram; 
peaks typical for κ-Al2O3 form:  2θ1 = 32.903o; 2θ2=32.092; (b) SEM image of cross sectional view; Al2O3 layer is of 37 nm. 
X-ray diffraction patterns obtained for SiO2 and ZnO coatings presented in Fig.2(a) and 3(a) reveal 
polycrystalline structure of coatings with characteristic peaks typical to SiO2 and ZnO.  SEM images of 
cross-sectional view (Fig.2(b) and 3(b)) demonstrate continuity and uniformity of SiO2 and ZnO coatings. 
 
 
 
 
 
Fig. 2. Characterization of anodic SiO2 electrochemically formed on a p-type CZ Si-wafer of semiconductor grade: (a) X-ray 
diffractogram; a peak typical for SiO2: 2θ = 57.394 o, d = 0.16042 nm; (b) SEM image of cross sectional view; thickness of Al2O3 
layer is 27 nm. 
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Fig. 3. Characterization of ZnO coating of a p-type CZ Si-wafer of semiconductor grade: (a) X-ray diffractogram of electrodeposited 
ZnO (bold line) and standard (referenced) ZnO (dotted line); (b) SEM image of cross sectional view; thickness of ZnO layer is 71 
nm.  
4. Passivation properties of Al2O3 and SiO2 coatings formed electrochemically on crystalline silicon 
Results of silicon passivation effects of Al2O3, SiO2 and ZnO films after forming gas annealing (FGA) 
have been evaluated by measurement of effective minority carrier lifetime and presented in Table 2 that 
contains data obtained for Si-wafer of the same type coated with PECVD SiNx films of 100 nm thickness.  
Table 2.Impact of Al2O3, SiO2 and ZnO passivation layers on free carrier life time 
Silicon Grade  of 
CZ p-Silicon wafers 
 
Initial Life 
Time (μs)  
Passivation Effect of 
Double Side 
Symmetrically 
Deposited layers   
Film Thickness (nm)  Life time  
after FGA (μs)  
Semiconductor  7 Al2O3  30  400  
Solar  2 Al2O3  40   65  
Semiconductor 2 SiO2 30 500 
Solar  2 SiO2 40 65 
Semiconductor 2 ZnO 40 100 
Solar  2 SiNx  100   70  
5. Antireflective properties of electrodeposited ZnO coating 
Reflectance properties of electrodeposited ZnO coatings have been investigated with IPCE 
Measurement Systems (PV Measurements, Inc). ZnO coatings have been electrochemically deposited on 
front side of p-type CZ-Si PV cells. Reference SiNx coatings have been deposited by PECVD with a 
Oxford Instruments Plasma Lab 80 Plus. Results of reflectance measurements presented in Fig. 4 
demonstrate that ZnO coatings exhibit lower reflectance in the range 300-400nm. 
  
Fig. 4. Reflectance of electrodeposited ZnO vs. PECVD SiNx 
coatings on textured CZ p-type PV cell 
Fig. 5. Transmittance of electrodeposited ZnO vs. PECVD SiNx 
coatings on ITO coated glasses 
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Transmittance measurements have been performed with Agilent Technologies 8453 UV/VIS 
spectrophotometer model#G1103A on ZnO coatings electrodeposited onto ITO-coated glasses. For the 
sake of comparison the referenced PECVD SiNx coatings have been deposited on ITO-coated glasses. 
Although results presented in Fig. 5 demonstrate that ZnO coatings exhibit similar transmittance relative 
to traditional SiNx antireflective coatings in wavelength range 390-750nm there is a need to repeat them 
due to pronounced influence of ITO coating on obtained results. This work is currently in progress.   
6. Conclusions 
As a result of our study, feasibility of electrochemical formation of dielectric antireflective and 
passivation coatings has been proven. Pronounced passivation effects of electrochemically formed Al2O3 
and SiO2 on p-type CZ Si-wafers after forming gas annealing have been revealed by an effective lifetime 
measurement method. ZnO coatings electroplated on front side of p-type PV cells after forming gas 
annealing demonstrate good antireflective properties in visible range comparable with conventional 
PECVD SiNx. Combination of these encouraging results with the ability of ZnO coatings to passivate the 
front side of crystalline silicon surface with its low cost of formation allows us to consider 
electrochemical formation of ZnO antireflective layer as a potential candidate for replacement of the 
widely utilized PECVD method for producing SiNx antireflective coatings.  
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